Abstract: Morphological and chemical characteristics were determined for airborne tungsten particles in Fallon, Nevada, a town that is distinguishable environmentally by elevated airborne tungsten and cobalt. From samples of airborne dust collected previously at six different places in Fallon, tungsten-rich dust particles were isolated and analyzed with automated electron microprobe and wavelength-dispersive spectrometry. Representative W particles were further analyzed using transmission electron microscopy. Morphologically, Fallon W particles are angular and small, with minimum and maximum sizes of Յ1 mm and 5.9 mm in diameter, respectively. The number and size of tungsten-rich particles decrease in Fallon with distance from a hard-metal facility located near the center of town. Chemically, Fallon airborne W particles include mixtures of tungsten with cobalt plus other metals such as chromium, iron, and copper. No W-rich particles were identifiable as CaWO 4~s cheelite! or MnWO 4~h uebnerite!. From d-spacings, Fallon particles are most consistent with identification as tungsten carbide. Based on these multiple lines of evidence, airborne W particles in Fallon are anthropogenic in origin, not natural. The hard-metal facility in Fallon processes finely powdered W and W-Co, and further investigation using tracer particles is recommended to definitively identify the source of Fallon's airborne tungsten.
INTRODUCTION
Morphological and chemical characteristics were determined for airborne tungsten particles of Fallon, Nevadã Fig. 1a !, for the purpose of determining their source as anthropogenic or natural. Located 100 km east-southeast of Reno, Fallon has experienced a cluster of childhood leukemia since 1997~Expert Panel, 2004; Nevada State Health Division, 2004 !. This cluster, deemed "one of the most unique ever reported"~Steinmaus et al., 2004 !, has prompted extensive research in an effort to find a cause, including population mixing~Kinlen, Kinlen & Doll, 2004 ! and/or environmental factors~Moore et al., 2002 ; U.S. Agency for Toxic Substances and Disease Registry, 2002 , 2003a , 2003b , 2003c ; U.S. Centers for Disease Control and Prevention, 2003a, 2003b; Seiler, 2004 !. Among other findings, a distinguishing environmental feature of Fallon is elevated airborne tungsten~W! and cobalt~Co!. As measured within total suspended particulates filtered directly from air, airborne W and Co can be significantly elevated over Fallon~Sheppard et al., 2006! . Elevated W and Co has been confirmed within Fallon relative to outlying desert areas using chemistry of lichens in and around Falloñ Sheppard et al., 2007b !. The source area of airborne W and Co particles has been narrowed down to near the center of Fallon, northwest of the intersection of the main highways Fig. 1b 
MATERIALS AND METHODS

Air Sampling
Airborne dust samples were collected within Fallon using portable, high-volume particulate air samplers~Sheppard et al., 2006!. The filter type was glass-fiber, a common medium for high-volume sampling of airborne particulates Eadie & Bernhardt, 1976; Lee & Mukund, 2001 !. Filters were 510 mm thick and had up to 99.99% retention for particles down to submicron in size~HI-Q Environmental Products Company, 2003!.
For this study, six filters were selected from a sampling session that had 10 air samplers located throughout Fallon. The six filters were selected to optimize a transect of distance from the HMF in Fallon. The closest location was 0.5 km away~hereafter known as "central Fallon"!, and the most distant location was 13.4 km away~hereafter known as "Fallon outskirts"!. The four intermediate locations were distributed between central Fallon and Fallon outskirts, with distances from the HMF of 1.31 km, 1.95 km, 3.79 km, and 6.68 km. The filters were submitted for particle microanalysis as blind samples.
Isolation of Tungsten Particles
To remove the collected particulate matter from the glassfiber filters for microanalysis, a 2.0-cm ϫ 1.5-cm portion of each filter was placed into its own 50-ml plastic centrifuge tube with approximately 8 ml of ethanol~J.T. Baker, Phillipsburg, NJ!. The tubes were sonicated for 20 min to dislodge the particles, and then the filter pieces were removed from the tubes and discarded.
Density separation was performed to concentrate heavy particles, including tungsten-rich materials, for microanalysis~Twenhofel & Tyler, 1941!. Approximately 12 ml of methylene iodide, density ϭ 3.3 g/ml~Geoliquids, Prospect Heights, IL! were added to each centrifuge tube, and the tubes were vortexed to mix the contents and then centrifuged for 10 min. The lighter ethanol fraction and a small portion from the surface of the heavier methylene iodide fraction were removed from each tube by pipette. The remaining heavy methylene iodide fraction was then filtered through 0.4-mm polycarbonate~PC! Nucleopore filters Fisher Scientific, Hanover Park, IL!, and the PC filters were mounted onto aluminum stubs and coated with ;20 nm of carbon. Preparation to this point was done in an ISO CL5 cleanroom. Blank glass-fiber and PC filters were similarly prepared for analysis.
Automated Electron Microprobe Analysis
An automated electron microprobe analysis was performed on the PC filters using a JEOL JXA-8200 Electron Microprobe and JEOL Automated Particle Analysis Program~JEOL Ltd., Tokyo, Japan!. Analysis conditions for the microprobe included 20-kV accelerating voltage and 10-nA beam current. Selected fields on the filters were imaged using a backscattered electron detector to show atomic number contrast. Image resolution was 512 ϫ 512 pixels, and image acquisition conditions and thresholds were set to detect high atomic number particles, including tungsten and high-Z minerals, down to sizes of ,1 mm in diameter. After image segmentation to define the particles present in the field, the electron beam was placed sequentially on each particle, and a 30-s wavelength-dispersive spectrometer~WDS! analysis was performed. Separate spectrometers were optimized and calibrated for measurement of tungsten, cobalt, calcium, and manganese~Table 1!. AEMA was continued until approximately 1000 particles were evaluated for each Fallon sample. After AEMA, W-rich particles identified in each sample were relocated in the electron microprobe and analyzed by energy-dispersive spectrometry~EDS! using a Thermõ Noran! Voyager EDS system. Manual EDS reanalysis was performed to confirm the results of WDS analysis, to check for additional elements in the particles, and to further identify the composition of the W-rich particles. The particles selected for manual reanalysis included those with the highest levels of Ca and Mn measured by AEMA, along with particles containing a range of Co contents.
Transmission Electron Microscopy
Several representative W particles found on the PC filters during AEMA were further analyzed using transmission electron microscopy. Additionally, material isolated from the air sampling filters was dispersed directly onto a carboncoated copper grid, and W particles were located in the TEM, thereby allowing for analysis of somewhat smaller particles than those found by AEMA. This analysis was performed in a JEOL JEM-3010 TEM with a LaB 6 source operated at an accelerating voltage of 300 kV. Selected area electron diffraction~SAED! patterns were collected using a Gatan DualView 1.3 k ϫ 1 k anti-blooming CCD camera. Images were collected using a Gatan 2 k ϫ 2 k high resolution CCD camera. EDS analysis to confirm elemental identification of particles previously analyzed by AEMA and then relocated on TEM grids was performed using an Oxford INCA Energy system. EDS analysis was also done to identify the elemental composition of particles analyzed only in the TEM.
SAED patterns were collected from whole particles or thin edge areas and consisted of single or multiple crystal spot patterns. Atomic plane spacings~d-spacings! obtained by measurement of the diffraction patterns were matched using the PDF-4ϩ 2005 version of the crystallographic database maintained by the International Centre for Diffraction Data. Phases searched included tungsten metal, tungsten carbides, tungsten oxides, and hydrated phases. For any given phase, a database file representative of the majority for that phase was selected for final comparison. Database files with S or I designations, the two highest quality marks, were used for comparison. Tungsten particle counts per filter~filled circles! and maximum W particle size~open circles! within Fallon as a function of distance from the hard-metal facility. The same amount of filter was measured for each location. The power function models for particle count~solid line! and maximum particle size~dashed line! were calculated using all data points. 
RESULTS AND DISCUSSION
AEMA
In this study, W-rich particles are defined as particles with .10% tungsten by weight~unnormalized! and a mass fraction of tungsten of Ն0.7. By these criteria, 497 of the 6,049 particles analyzed are W rich~Table 2!. Highly variable numbers of W-rich particles were found on the Fallon filters depending on their distance from the HMF. Using the HMF as a starting point, which is not to claim that it is the source of the W particles but rather just to use its location as a starting point, the numbers of W particles found per filter closely follow a power function of distance~Fig. 2!, Morphologically, these W particles are consistently small. The minimum W particle size on all filters is Յ1 mm in diameter, and the maximum W particle size is 5.9 mm, found on the central Fallon filter~Table 2!. Maximum W particle size on each filter decreases with distance from the HMF, again showing a power function of distance~Fig. 2!. Given that large particles do not stay aloft as long as small particles~Pye, 1987!, this pattern conforms to the suggestion that the area just northwest of the main crossroads of Fallon~Fig. 1b! is the source area of airborne W particles in Fallon~Sheppard et al., 2007a!. In contrast to this consistent small size of the Fallon W particles, natural particles of scheelite and huebnerite can be much larger, up to 100 mm in length~McCrone et al., 1967; McCrone & Delly, 1973!. Chemically, EDS particle reanalysis shows that Fallon airborne W particles found by AEMA include mixtures of tungsten with cobalt plus other metals such as Cr, Fe, and Cu~Table 2; 
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